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Semliki Forest virus (SFV) membrane fusion is mediated by the viral E1 protein at acidic pH and regulated by the dimeric interaction of
E1 with the E2 membrane protein. During low pH-triggered fusion, the E2/E1 heterodimer dissociates, freeing E1 to drive membrane fusion.
E2 is synthesized as a precursor, p62, which is processed to mature E2 by the cellular protease furin. Both the dissociation of the p62/E1
dimer and the fusion reaction of p62 virus have a more acidic pH threshold than that of the mature E2 virus. We have previously isolated SFV
mutations that allow virus growth in furin-deficient cells. Here we have used such pci mutations to compare the interactions of the p62/E1
and E2/E1 dimers. Our data suggest that there is an important p62/E1 dimer interaction site identified by an E2 R250G mutation and that this
interaction is maintained after processing to the mature E2 protein.
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Fusion of enveloped viruses with the cell membrane is a
key step in virus infection and is mediated by structural
rearrangement of viral fusion proteins. The analysis of these
critical conformational changes has been a central research
focus in understanding virus-membrane fusion. Results
from such biochemical and structural studies can identify
new targets for anti-viral therapies. This has been exempli-
fied by the class I virus fusion proteins, in which fusion is
mediated by the formation of a 6-strand bundle with a
central a-helical coiled-coil (Earp et al., 2004; Eckert and
Kim, 2001; Skehel and Wiley, 2000). Understanding the
structural basis and key features of the fusogenic conforma-
tional changes in the class I fusion proteins has led to the
design of peptides that act as dominant-negative inhibitors0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.04.021
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2001; Moore and Doms, 2003; Weiss, 2003). More recently,
the pre-fusion (Lescar et al., 2001; Modis et al., 2003; Rey
et al., 1995; Zhang et al., 2004) and post-fusion structures
(Bressanelli et al., 2004; Gibbons et al., 2004b; Modis et al.,
2004) of the alphavirus and flavivirus fusion proteins have
been determined. These proteins are grouped together as
class II fusion proteins based on the striking similarities
between the structures of the alpha and flavivirus fusion
proteins and their structural differences from the class I
proteins (Lescar et al., 2001). While direct analysis of the
class II fusion proteins will hopefully lead to fusion
inhibitors, there are additional transmembrane proteins that
play an important role in class II virus fusion. Although
these ‘‘companion proteins’’ are not directly involved in
fusion, they are critical for the folding and regulation of the
fusion protein and thus could also potentially serve as
targets for anti-viral therapy.
The companion protein for the alphavirus Semliki Forest
virus is termed E2. Both E2 and the fusion protein E1 are
type I transmembrane glycoproteins of about 50 kDa
(reviewed in Schlesinger and Schlesinger, 2001). E2 is05) 344 – 352
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interacts with E1 during biosynthesis to form a p62/E1
heterodimer and is critical for the correct folding of E1. Late
in exocytic transport, p62 is proteolytically processed by the
cellular enzyme furin to produce mature E2 and a peripheral
polypeptide E3 (deCurtis and Simons, 1988; Zhang et al.,
2003a). During SFV infection, E2 interacts with receptors
on the target cell plasma membrane, leading to the uptake of
virus in clathrin-coated vesicles (reviewed in Kielian et al.,
2000). Upon exposure to the acidic environment of endo-
somes, the E2/E1 heterodimer dissociates, freeing the E1
protein to insert into the target membrane and refold to the
fusion-active E1 homotrimer (Gibbons et al., 2004a;
Wahlberg and Garoff, 1992). The dissociation of the
heterodimer is a critical first step in fusion. For example,
the E2/E1 dimer in the SFV mutant fus-1 does not dissociate
until pH 5.3, shifting the fusion threshold and E1 conforma-
tional changes in this mutant from the wild type pH of ¨6.2
to a pH of ¨5.3 (Glomb-Reinmund and Kielian, 1998;
Kielian et al., 1984). Interestingly, the p62/E1 dimer is
relatively resistant to acid-induced dissociation (Wahlberg et
al., 1989), which may protect the fusion protein during
transport through the mildly acidic pH of the exocytic
pathway. Mutation of the furin processing site or growth of
virus in furin-deficient cells has been used to produce p62
virus, which shows a markedly more acidic pH threshold for
dimer dissociation, E1 conformational changes, and mem-
brane fusion (see Salminen et al., 1992; Smit et al., 2001;
Zhang et al., 2003a and references therein).
Cryo-electron microscopy reconstructions and fitting of
the crystal structure of the E1 protein show that E1 lies
tangential to the virus membrane, forms an icosahedral
lattice covering the virus surface, and is the primary
component of the skirt or shell region of the virus particle
(Lescar et al., 2001; Mancini et al., 2000; Pletnev et al.,
2001; Zhang et al., 2002). The projecting spike domain is
composed primarily of the E2 protein, which covers the E1
fusion peptide region. To address the conformational
changes due to p62 cleavage, cryo-EM studies were
performed on mSQL, an SFV mutant in which furin
processing is blocked (Ferlenghi et al., 1998). Comparison
of mSQL with wt SFV reveals a localized change resulting
from p62 processing. At the reported resolution of 21 A˚, the
mSQL structure is similar to that of wt SFV in the capsid,
transmembrane domain, and skirt domain. However, the two
virus structures differ markedly in the projecting domain,
suggesting a significant conformational change that is
largely restricted to the region composed of p62/E2.
Although the alphaviruses and flaviviruses show striking
similarities in the structures of their fusion proteins, the
maturation process of the two viruses produces dramatically
different architectures. The flavivirus companion protein
prM forms a heterodimer with the fusion protein E shortly
after translocation into the ER (Lorenz et al., 2003). The
virus buds into the ER as a particle containing 180 prM-E
heterodimers, with the prM protein covering the fusionpeptide of E and the dimers arranged into 60 trimeric spikes
(Kuhn et al., 2002; Zhang et al., 2003b). prM is cleaved by
furin to generate a small ectodomain of ¨40 residues
(Stadler et al., 1997). This maturation process results in the
dissociation of the prM/E heterodimers (Heinz et al., 1994b;
Wengler, 1989) and the formation of E homodimers (Heinz
et al., 1994a; Rey et al., 1995). Following cleavage, the
trimeric spikes of the immature virus particles reorganize
into a herringbone arrangement of 90 E homodimers (Kuhn
et al., 2002; Zhang et al., 2003a). Interestingly, during
fusion E rearranges yet again to form a homotrimer similar
to that of the alphaviruses (Allison et al., 1995; Bressanelli
et al., 2004; Modis et al., 2004).
While it is clear that alphaviruses do not undergo massive
rearrangement upon maturation, the extent to which the p62/
E1 dimer resembles the E2/E1 dimer is unclear. To address
the interactions of p62 with E1, p62 cleavage site mutants
have been used to select for revertants that compensate for
the lack of p62 processing. These studies have implicated
specific residues in the p62/E1 interaction (e.g., Davis et al.,
1995; Heidner et al., 1994; Smit et al., 2001; Tubulekas and
Liljestro¨m, 1998). We have used the approach of selecting
for growth of wt SFV in furin-deficient FD11 cells to
generate a number of p62 cleavage independent (pci)
mutants (Zhang and Kielian, 2004; Zhang et al., 2003a).
The pci mutations destabilize the p62/E1 heterodimer,
leading to efficient E1 homotrimer formation and virus
fusion at markedly increased pH compared to that of the wt
p62 virus. The pci mutations suggest sites important in the
interaction of p62 with E1 and the regulation of fusion.
Thus, testing for the effects of the pci mutations on the E2/
E1 interaction is one approach to determining the similarity
of key interactions in the immature and mature dimers.
Here we define the relevant mutation in the pci-7 mutant
and test its effects on the E2 dimer. We take advantage of the
lower pH threshold of the fus-1 mutant to allow accurate
assessment of the effects of the pci-7 mutation on the E2
form of the virus. We demonstrate that the E2 R250G
mutation of pci-7 acts to permit fusion at a higher pH
threshold in either the p62 or E2 contexts. Thus, this
interaction within the heterodimer is preserved upon virus
maturation.Results
In order to address similarities in the dimer interactions
of p62/E1 vs. E2/E1, we selected the pci-7 mutant for
further analysis. This mutant carries three changes from the
wt sequence, the E2 mutation R250G and the E1 mutations
V11A in domain I and T159A in domain II (Zhang and
Kielian, 2004). These two E1 mutations are located at the
only E1 positions altered in the pci mutants. The mutation(s)
in pci-7 promotes the fusion activity of unprocessed p62-
containing mutant virus at a substantially elevated pH
(threshold ¨pH 5.4) compared to wild type p62 virus
Fig. 2. Growth kinetics of wt ic, pci-7/ic, and R250G on CHO and FD11
cells. Stocks of wt and mutant viruses were prepared by electroporation of
RNAs into BHK cells. These stocks were then used to determine the virus
growth kinetics on CHO cells (A) and furin-deficient FD11 cells (B). Cells
were infected with the indicated virus at a multiplicity of 0.01 PFU/cell for
1.5 h at 37 -C. The cells were then washed and further incubated for the
indicated times, and the released progeny virus at each time point was
quantitated by plaque assay on BHK cells.
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results suggested that pci-7 might be useful for comparisons
of the interactions in the processed and unprocessed
heterodimers.
Role of the three mutations in the phenotype of pci-7
We first set out to define the role of the three pci-7
mutations in the increased ability of this mutant to mediate
membrane fusion in the p62 form. Infectious clones
containing the mutations individually or together were
constructed in the wild type infectious clone (wt ic)
background and termed R250G, V11A, and T159A for the
single mutants and pci-7/ic for the infectious clone
containing all three mutations. Mature E2-containing virus
stocks were prepared by electroporation of RNA from these
constructs into BHK cells (Duffus et al., 1995; Liljestro¨m et
al., 1991). Unprocessed p62 virus stocks were produced by
propagation in furin-deficient FD11 cells as indicated
(Zhang et al., 2003a).
The virus-plasma membrane fusion activity of the
R250G, V11A, and T159A viruses was evaluated in their
p62 form and compared to that of the p62 forms of wt ic and
the original pci-7 isolate (Fig. 1). As previously described,
both wt and mutant viruses bind efficiently to cells in the
unprocessed p62 forms (Zhang et al., 2003a). The wt ic/p62
showed no fusion activity until treatment at pH 4.8 or below
(Fig. 1). Thus, fusion of the p62 form of the infectious
clone-derived wt virus is similar to that previously obtained
using the p62 form of our lab wt strain (Zhang et al., 2003a).
Fusion of the V11A/p62 and T159A/p62 viruses resembled
that of wt ic/p62, suggesting that the pci-7 E1 mutations did
not contribute to the elevated fusion activity of the pci-7
phenotype. These mutations may have arisen randomly or
might help to promote viral growth. In contrast to the p62
forms of wt, V11A, and T159A, the p62 forms of both pci-7
and R250G viruses have a fusion threshold of pH 5.4.Fig. 1. pH dependence of fusion of the p62 forms of wt ic, pci-7, R250G,
V11A, and T159A viruses. All virus stocks were prepared in furin-
deficient FD11 cells that do not process p62. The pH dependence of fusion
for each virus was determined by a virus-plasma membrane fusion
reaction. Serial dilutions of the indicated virus stocks were pre-bound to
BHK cells on ice for 90 min and then treated with media at the indicated
pH at 37 -C for 3 min to trigger virus-plasma membrane fusion. Cells
were incubated at 28 -C for 18 h in the presence of 20 mM NH4Cl to
prevent secondary infection, and virus-infected cells were scored by
immunofluorescence.The less acidic fusion threshold of the unprocessed pci
mutants results in more efficient growth in furin-deficient
FD11 cells, reflecting the original mutant selection (Zhang
and Kielian, 2004). We compared the growth kinetics of the
R250G mutant to those of wt and pci-7 infectious clone
viruses. The FD11 mutant cells and the parental wild type
CHO cells were infected at low multiplicity with the E2
form of wt and mutant viruses, and the progeny virus
produced was quantitated at various time points. Under
these conditions, the growth kinetics reflect not only initial
virus production but also the ability of p62 or E2 progeny
virus to mediate secondary infection. Similar to the pci-7
mutant, the R250G virus grew more efficiently in furin-
deficient FD11 cells, with a final virus titer about 2 logs
higher than that of wt virus (Fig. 2B). The R250G, pci-7,
and wt viruses showed comparable growth kinetics in wild
type CHO cells (Fig. 2A), and thus it appeared that the
R250G mutation did not have deleterious effects when
tested in the absence of pci-7 E1 mutations.
The R250G mutation produced a strong pH shift in the
fusion activity of the p62 form of the virus (Fig. 1). We
tested the pH dependence of fusion of the mature E2 form of
R250G virus using the same virus-plasma membrane fusion
assay (Fig. 3). For both wild type and mutant viruses,
maximal fusion was observed at pH 6.0. Interestingly,
R250G/E2 virus showed a somewhat increased efficiency of
fusion at pH 6.2 compared to wt ic/E2 virus. This result is in
Fig. 4. pH dependence of membrane fusion and E1 conformational changes
for wt ic, fus-1, and T12I viruses. (A) pH dependence of virus-plasma
membrane fusion. The pH dependence of wt ic, fus-1, and T12I virus fusion
was determined using the virus-plasma membrane fusion assay described in
the legend in Fig. 1. Data shown are the average of three experiments. (B)
pH dependence of acid-specific epitope exposure. Virus stocks were treated
with pH for 5 min at 37 -C, neutralized, and then solubilized in 1% TX-100.
The samples were incubated on ELISA plates pre-coated with acid-specific
mAb E1a-1. Bound viral proteins were detected by a polyclonal Ab against
the SFVenvelope proteins and expressed as percentage of maximal binding.
Data shown are the average of three experiments. (C) pH dependence of E1
homotrimer formation. [35S]-methionine/cysteine-labeled wt ic, fus-1, and
T12I were treated at the indicated pH for 5 min at 37 -C in the presence of
0.8 mM complete liposomes, placed on ice, and adjusted to neutral pH.
Samples were mixed with SDS sample buffer, incubated at 30 -C for 3 min,
and then analyzed by SDS–PAGE. E1 homotrimer formation was
quantitated by phosphorimager analysis and expressed as the percentage
of the total E1 in each sample. Data shown are a representative example of
two experiments. All virus preparations in Fig. 4 were propagated in BHK
cells.
Fig. 3. pH dependence of fusion of the E2 forms of wt ic and R250G
viruses. Virus stocks were prepared by electroporation of RNAs into BHK
cells. These stocks were then used to determine the pH dependence of wt ic
and R250G/ic virus-plasma membrane fusion as described in the legend in
Fig. 1.
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previously observed at pH 6.2 for the E2 form of pci-7
(Zhang and Kielian, 2004). Decreased fusion of both wt and
R250G is observed at ¨pH 5.5 and below, reflecting acid
inactivation as previously described (Zhang and Kielian,
2004).
Taken together, our results indicate that the E2 R250G
mutation is responsible for the ability of the p62 form of the
pci-7 mutant to fuse at higher pH and grow more efficiently
in furin-deficient FD11 cells. The E1 V11A and T159A
mutations do not affect p62 virus fusion or growth and are
most likely random mutations that arose during mutant
selection.
Phenotype of E2 T12I mutant
Having defined the relevant mutation in pci-7, we wished
to use this mutant to test the similarity of the regulatory
interactions of p62 and E2with the E1 fusion protein. In order
to more clearly observe possible effects of R250G, we took
advantage of a previously described fusion mutant fus-1. The
fusion activity of fus-1 is only triggered at a pH of ¨5.3 or
below (Kielian et al., 1984; Schmid et al., 1989). This acid
shift in fusion activity is due to a more acidic pH threshold
for the dissociation of the fus-1 E2/E1 dimer and therefore a
more acidic pH requirement for the fusogenic E1 conforma-
tional changes in this mutant (Glomb-Reinmund and
Kielian, 1998). fus-1 was derived from a strain of wt SFV
termed S1J. The fus-1 mutant differs from its S1J parent at a
single position in E2, a substitution of threonine 12 with
isoleucine (Glomb-Reinmund and Kielian, 1998). Two fus-1
revertants were shown to regain the parental fusion
phenotype and the wt isoleucine at E2 position 12. While
these data indicate that the E2 T12I mutation is responsible
for the fus-1 phenotype, sequence analysis showed five
additional amino acid differences between our standard wt
strain and S1J (capsid positions 80 and 85, E2 positions 162
and 170, E1 position 323) (Glomb-Reinmund and Kielian,
1998). To confirm the role of the T12I mutation, we
therefore constructed an infectious clone containing thismutation in the wt ic background, generated a T12I virus
stock, and evaluated its phenotype.
T12I membrane fusion activity was tested in BHK cells
using the virus-plasma membrane fusion assay (Fig. 4A).
The wt ic virus showed maximum fusion at pH 6.0.
Treatment below pH 6.0 leads to a decrease in fusion due
to increased virus inactivation at lower pH. In contrast, both
fus-1 and T12I showed a strongly acid pH-shifted fusion
threshold and required treatment at a pH of < 5.2 to trigger
Fig. 6. pH dependence of acid-specific epitope exposure for wt ic, T12I,
and T12I + R250G viruses. The pH dependence of mAb E1a-1 epitope
exposure was determined by ELISA assay as described in the legend in
Fig. 4B. Virus stocks were prepared by electroporation of BHK cells. Data
shown are the average of two experiments.
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observed after treatment at pH 4.8.
Several assays were used to monitor low pH-dependent
conformational changes in the E1 protein. Monoclonal
antibody E1a-1 is specific for the acid conformation of E1
and was used to follow the E1 conformational change by an
ELISA assay (Ahn et al., 1999; Kielian et al., 1990). In
agreement with previous results (Glomb-Reinmund and
Kielian, 1998), exposure of the mAb E1a-1 epitope was
efficiently triggered by treatment of wt virus at pH 6.0,
while fus-1 and T12I did not significantly react with the
antibody until treatment below pH 5.5 (Fig. 4B). Formation
of the E1 homotrimer is a critical conformational change
during SFV fusion (Kielian et al., 1996; Wahlberg and
Garoff, 1992). The wt ic virus showed an efficiency of
¨50% E1 homotrimer formation after treatment at pH 6.2
(Fig. 4C). In contrast, a pH lower than 5.5 was required to
trigger 50% E1 homotrimer formation for the fus-1 and
T12I mutants.
Taken together, our results show that the T12I virus has
the fus-1 phenotype for both membrane fusion and E1
conformational changes, and thus this E2 mutation is
responsible for altering the pH dependence of fusion.
Phenotypes of the T12I + R250G combination mutant
To determine if the R250G mutation could affect the
general dimer properties in E2-containing virus, or if it only
identified a residue involved in the properties of the p62
dimer, we made use of the strongly more acidic pH
threshold of E2 T12I to enable detection of effects of
R250G in the context of the E2 protein. A combination
mutant was constructed containing the T12I and R250G E2
mutations responsible for the opposing phenotypes of fus-1
and pci-7. The fusion activity of the T12I + R250G double
mutant was then compared to those of the T12I and wt ic
viruses. In contrast to the very low pH required to trigger
T12I fusion (Figs. 4A and 5), efficient fusion of the double
mutant was observed at substantially higher pH (¨0.5 pHFig. 5. pH dependence of membrane fusion of wt ic, T12I, and T12I +
R250G viruses. Virus stocks were prepared by electroporation of BHK
cells. The pH dependence of virus-plasma membrane fusion was
determined as described in the legend in Fig. 1.units higher). mAb E1a-1 acid epitope exposure was used to
follow the low pH-induced E1 conformational change. The
combination mutant showed 50% exposure of the epitope at
pH 6.0 compared to pH 5.0 for the T12I mutant (Fig. 6). The
wt ic virus showed maximal levels of both membrane fusion
and acid epitope exposure at a pH of ¨6.0, even higher than
the combination mutant (Figs. 5 and 6), demonstrating that
the R250G mutation did not completely negate the effect of
T12I.
Taken together, these data demonstrate that although the
R250G mutation was originally selected for its effects on
p62 virus, R250G was able to alter the fusion threshold of
both p62 and E2 viruses.Discussion
The pci mutants identified 7 sites on E2 and 2 sites on E1
that were altered during selection for furin-independent
growth (Zhang and Kielian, 2004). The analysis of pci-7
presented here demonstrated that the key mutation respon-
sible for the pci phenotype was E2 R250G. The mutations at
E1 positions 11 and 159 were not responsible for the
changes in fusion, E1 regulation, and growth in furin-
deficient FD11 cells. Since positions 11 and 159 represent
the only E1 sites changed in the pci mutants, the pci mutants
reflect exclusively changes in E2 that affect the regulation of
E1 fusion activity. The pci mutants were isolated by relying
on the natural error rate of virus RNA replication, without
any treatment with mutagens, and therefore the E1
alterations represent random polymerase errors. The absence
of E1 mutations that can compensate for the lack of p62
processing may reflect a stronger selection pressure for E1
conservation, perhaps due to its role as the fusion machine.
The E2 location of the mutants may also indicate that the
heterodimer dissociation step is mediated predominantly by
a conformational change in the p62/E2 protein, rather than
by alterations in the conformations of both E2 and the fusion
protein E1.
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E2 R244, which was altered in 2 independent pci mutants
(Zhang and Kielian, 2004). E2 position 244 is quite
conserved whereas position 250 is not strongly conserved.
Interestingly, these E2 residues lie close to or within the
mAb E2m binding site (238NSPFVPRADEP248), an epitope
that is hidden in neutral pH SFV and exposed after mildly
acidic pH treatment (Hammar et al., 2002). The exposure of
this E2 region under acidic conditions that would produce
dimer dissociation is in keeping with our finding that
residues 244 and 250 are important in dimer interaction.
Our results with the E2 T12I mutation confirmed that it is
responsible for the phenotype of fus-1. Similar to the
original mutant, the T12I virus had a strongly more acidic
pH threshold for E1 acid epitope exposure, E1 homotrimer
formation, and virus-plasma membrane fusion. Interestingly,
while T12I showed a strong effect on the pH dependence of
the mature E2 virus, the fusion activity of the unprocessed
p62 form of T12I was similar to that of wt/p62 virus (data
not shown). Thus, T12I did not appear to shift the pH
dependence of the p62 virus to an even more acidic
threshold. This may suggest that other factors also act to
limit SFV’s pH dependence or that the effects of p62 and
T12I on pH dependence are not additive.
We then analyzed the effect of the E2 R250G mutation
on the E2/E1 dimer using the T12I virus. While R250G did
not show a strong effect on the fusion of wt E2 virus, it
dramatically increased the pH threshold of fusion in the
T12I + R250G double mutant. This change in pH depend-
ence suggested a decreased stability of the E2/E1 hetero-
dimer. This is reflected in the fact that the E1
conformational changes in the double mutant also showed
a dramatic increase in pH threshold. Together, our data
indicate that the heterodimer interaction defined by the
R250G mutation is preserved following p62 processing.
This result is consistent with the finding that while p62
processing affects the projecting domain of SFV, the skirt
domain, which is composed mostly of E1 protein, does not
appear to be significantly altered (Ferlenghi et al., 1998).
Thus, in contrast to flaviviruses, the general features of the
alphavirus dimer interaction do not radically change
following maturation of the companion protein.
The reasons for the dramatic difference in the effects of
furin cleavage on the architecture of flaviviruses and
alphavirus are presumably complex. They would most
likely include differences in E and E1 size and structure,
the dramatic size difference between the processed com-
panion proteins M and E2, and the apparent lack of
envelope protein–capsid interaction in the flaviviruses vs.
the highly defined interaction in the alphaviruses. An
additional interesting difference between these two virus
groups is the role of low pH in furin processing. Furin
cleavage of TBE prM requires prior exposure of virus to
mildly acidic pH (Stadler et al., 1997), while SFV p62
processing is independent of low pH exposure (Zhang et al.,
2003a). Flaviviruses bud into the ER and their subsequentfurin cleavage occurs late in the secretory pathway. The prM
cleavage site on the assembled flavivirus particle appears
inaccessible to furin processing, and the low pH of the late
secretory compartment acts to increase its exposure (Stadler
et al., 1997). The data suggest that this exposure of the prM
cleavage site is irreversible, since low pH-treated virus is
efficiently processed by furin after return to neutral pH
(Stadler et al., 1997). Such a requirement for a low pH
conformational change during the maturation pathway may
necessitate a change in the regulatory interaction of E. Thus,
the ‘‘pH-inactivated’’ prM protein would be removed by
furin processing, allowing E to self-associate as a dimer
ready to respond to low pH during virus entry.
Our work characterizes one aspect of the alphavirus
envelope protein heterodimer interaction. While the hetero-
dimer does not undergo dramatic rearrangements during
virus maturation, such a major rearrangement is required to
disrupt the heterodimer during the virus fusion reaction.
Furin processing of p62 is important in allowing subsequent
E2/E1 dimer dissociation under physiological conditions in
the acidic endosome compartment. The striking difference
in the pH responsiveness of the immature and mature dimers
indicates that they have important differences in addition to
the similarities discussed here. Further information on the
interactions of the immature and mature heterodimers may
result from fitting of the E1 crystal structure into high-
resolution reconstructions of the immature alphavirus
particle, and ultimately from structural information on p62
and E2.Materials and methods
Cells and viruses
BHK-21 cells were cultured as previously described
(Zhang et al., 2003a). The furin-deficient FD11 CHO cell
line and its parental cell line (CHO-K1) were kindly
provided by Dr. Stephen H. Leppla at the National Institutes
of Health (Gordon et al., 1995), and were cultured as
previously described (Zhang et al., 2003a).
wt SFV was a well-characterized, plaque-purified isolate
(Glomb-Reinmund and Kielian, 1998) which shows com-
plete sequence conservation with the structural protein
region of the SFV infectious clone (Glomb-Reinmund and
Kielian, 1998). The pci-7 mutant was isolated by selecting
wt SFV for growth on FD11 furin-deficient cells as
previously reported (Zhang and Kielian, 2004). fus-1 is a
previously characterized SFV mutant with a more acidic pH
threshold for fusion (Glomb-Reinmund and Kielian, 1998;
Kielian et al., 1984). Infectious clone-derived wild type
virus stocks (wt ic) were prepared from the pSP6-SFV-4
infectious clone by in vitro RNA transcription and RNA
electroporation into BHK cells as previously described
(Liljestro¨m et al., 1991; Vashishtha et al., 1998). Mutant
viruses were similarly prepared from their infectious clones
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otherwise noted, all viruses were propagated in BHK cells
and contained processed E2. Unprocessed p62-containing
wt and mutant viruses were produced in FD11 cells as
previously described (Zhang et al., 2003a). [35S]-methio-
nine/cysteine-labeled viruses were prepared in BHK cells
and purified on sucrose gradients as previously described
(Zhang et al., 2003a).
Construction of SFV mutant infectious clones
The mutation producing the acid-shift fusion phenotype
of fus-1 was previously identified as an E2 threonine to
isoleucine mutation at position 12 (T12I) (Glomb-Rein-
mund and Kielian, 1998). To construct the SFV infectious
clone T12I/ic, the 866-bp BsmI/BstBI fragment containing
the T12I mutation was excised from the fus-1/ic (Glomb-
Reinmund and Kielian, 1998). This fragment was subcloned
into the wt infectious clone background by ligation with the
13.4-kb BsmI/BstBI fragment from the pSP6-SFV-4 wt ic
(Liljestro¨m et al., 1991).
The pci-7 mutant has three amino acid changes: R250G
in E2, and V11A and T159A in E1 (Zhang and Kielian,
2004), which were inserted into the wt ic background
individually or in combination. DG-1, a subclone containing
the small NsiI/SpeI fragment of the pSP6-SFV-4 infectious
clone, was used for the mutagenesis (Chanel-Vos and
Kielian, 2004). The three mutations were introduced
individually into DG-1 by circular mutagenesis (Chanel-
Vos and Kielian, 2004). A DG-1 construct containing all
three pci-7 mutations was generated by first making a DG-1
double mutant construct by ligating the 1.9-kb PstI/SphI
fragment from the T159 DG-1 construct with the 3.6-kb
PstI/SphI fragment of the R250G DG-1 construct, followed
by circular mutagenesis to insert the V11A mutation.
Mutant infectious clones were then constructed by ligation
of the 2.6-kb NsiI/SpeI fragment of the respective DG-1
construct with the 11.7-kb NsiI/SpeI fragment of the wt
infectious clone. The T12I + R250G infectious clone
containing both the T12I and R250G mutations was
constructed by ligation of the 2.6-kb NsiI/SpeI fragment
of R250G DG-1 with the 11.7-kb NsiI/SpeI fragment of
T12I/ic.
Sequences of the regions encompassing the mutations in
T12I/ic and the DG-1 mutants were confirmed by automated
sequencing in the DNA sequencing facility of the Albert
Einstein College of Medicine.
Assay of virus-plasma membrane fusion and E1 homotrimer
formation
Virus-membrane fusion activity was evaluated by fol-
lowing the fusion of pre-bound virus with the plasma
membrane of BHK cells as described in Zhang et al. (2003a)
and the legend in Fig. 1. Results were expressed as a percent
of the maximum level of fusion determined for each virus.At the optimum pH as determined for each virus, a given
amount of infectious virus determined by plaque titration
produced similar numbers of cells infected by fusion at the
plasma membrane.
E1 homotrimer formation was triggered by treatment of
radiolabeled virus at the indicated pH in the presence of
liposomes containing cholesterol. The E1 homotrimer was
quantitated by solubilization at 30 -C in SDS sample buffer
and analysis by SDS–PAGE and phosphorimaging, all as
previously described (Zhang and Kielian, 2004; Zhang
et al., 2003a).
Assay of E1 epitope exposure upon acid treatment
An ELISA assay was performed to measure the pH
dependence of E1 acid epitope exposure, as described
previously (Ahn et al., 1999). Monoclonal antibody (mAb)
E1a-1 binds specifically to low pH-treated E1 and has been
mapped to E1 157 (Ahn et al., 1999). MAb E2-1 was
previously shown to bind the E2 protein with or without
prior acid treatment (Kielian et al., 1990). Purified mAbs
E1a-1 and E2-1 were diluted in TBS buffer (10 mM Tris, pH
7.2, 150 mM NaCl, 1 mM NaN3). ELISAwells were coated
with 50 Al/well of TBS containing 1 Ag E2-1/ml or 2 Ag
E1a-1/ml and incubated for 1.5 h at 37 -C. The plate was
washed 3 times at room temperature with TBS containing
0.05% Tween 20 (wash buffer), blocked with 300 Al of 1%
BSA in TBS for 1 h at 37 -C, and washed 3 times with wash
buffer. Virus stocks were diluted in MBS (20 mM MES pH
7.0, 130 mM NaCl, 0.3% BSA) to an approximate titer of
1.0  108 pfu/ml, acid-treated for 5 min at 37 -C by addition
of a pre-calibrated volume of 0.5 N HAC, adjusted to
neutral pH by addition of NaOH, and then inactivated by
addition of 1% Triton X-100 and incubation for 10 min on
ice. The antibody-coated plates were then incubated over-
night at 4 -C with 100 Al of the indicated virus preparation
per well. Unbound virus membrane proteins were removed
by washing 3 times with wash buffer, and bound proteins
were detected by reacting with a rabbit antibody against the
envelope proteins, followed by goat anti-rabbit immuno-
globulin G conjugated with alkaline phosphatase (Sigma, St.
Louis, MO) (Ahn et al., 1999). MAb E2 binding was
monitored as a control for virus concentration.Acknowledgments
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